In this paper, the atomization characteristics of an effervescent atomizer were investigated. The velocity, Sauter Mean Diameter (SMD) and atomization cone angle of the droplets were measured using the Phase Doppler Analyzer (PDA) to discuss the effect of different design parameters. The results showed that the atomization was unstable at a small Gas-Liquid Rate (GLR) while the atomization proved gradually by increasing the GLR. The optimal atomization region was at a GLR=0.1. In the atomization process, there existed a typical velocity distribution for the swirl atomizer. The design parameters of atomizer provided a great influence on the Sauter Mean Diameter (SMD) and atomization cone angle. The experiment results showed that some droplets had negative velocities.
Introduction
The gas-assisted atomization is widely used in the atomization process of liquid fuels. The effervescent atomization provides several advantages, such as high atomization quality, low pressure, lower energy consumption, sim-*Corresponding Author: Runze Duan: School of energy and environmental engineering, Hebei University of Technology, Tianjin, 300401, China; Email: duanrunze@hebut.edu.cn; Tel.: +86 02260438208 *Corresponding Author: Yan Zhang: School of software, Nanyang Institute of Technology, Nanyang, 473004, China; Email: 1468969367@qq.com Liansheng Liu, Na Pei, Ruolin Zhao, Liang Tian, Menghan Li, Xiaoyu Zhang: School of energy and environmental engineering, Hebei University of Technology, Tianjin, 300401, China ple and reliable system and so on. At present, the effervescent atomization has a wide range of applications in the liquid fuel combustion, spray cooling, spray irrigation, water mist for fire suppression, etc.
The process of the effervescent atomization was firstly investigated in the 1980s [1] . By means of injecting gas into the liquid, the bubble flow formed in the internalmixing chamber of the atomizer and the effervescent atomization was achieved through the liquid and gas interaction. When the liquid and gas external forces, such as the shear force were greater than the fluid surface tension and viscous forces, the liquid was stretched and broke into small droplets. When the gas and droplets continued to interact, small droplets further broke into smaller liquid particles, and the atomization process was achieved.
The effect of the atomizer internal geometry, including the gas-to-liquid rate and injection pressure on the nozzle atomization characteristics had been studied extensively by Sovani et al. [2] . It was found that the gas-liquid rate needed for effervescent atomization was lower compared to other kinds of twin-fluid atomization. Three kinds of multi-hole effervescent atomizers with different configurations were investigated by Li et al. [3] . It was concluded that the multi-hole effervescent atomizers achieved good atomization with a uniform liquid flux distribution. The high-viscosity Newtonian liquid flow in the near-atomizer spray configuration was investigated by Buckner and Sojka [4, 5] . They investigated the bubble expansion and liquid-shattering mechanisms. Roesler and Lefebvre [6, 7] and Santangelo and Sojka [8] observed the same phenomenon. Konstantinov [9] thought that the effervescent atomizer can operate at the lower pressure and generate small mean droplets diameter. Jedelsky and Jicha [10] concluded that the explosions of gas bubbles enhanced the instability in the spray process. Several researchers [11] [12] [13] [14] have studied the near-atomizer structure of the spray produced by a ligament-controlled effervescent atomizer.
All the investigations above focused on the mechanism of the effervescent atomization. However, the atomization quality was not mentioned and elaborated. The mean droplets size at the lowest reported injection pressure (34.5 kPa) was measured by Wang et al. [15] . The results showed that the spray mean droplets size was reduced by increasing the injection pressure, while a higher effect was pronounced at lower injection pressures. The effect of the pressure on the behavior of droplets was investigated by Liu et al. [16] , Jedelsky et al. [17] and Ge et al. [18] . It was concluded that the SMD decreased gradually with the increase in the pressure, and remained constant when the pressure was higher than 20bar. Jedelsky et al. [17] found that the atomizer structure had a great effect on the atomization quality. Several researchers [19] [20] [21] [22] [23] had examined the effect of GLR on the mean droplets size distribution and concluded that the latter remained fairly constant as the GLR changed.
The main purpose of this paper was to investigate the velocity and SMD radial droplets distributions within two different atomizers.
Experimental system and atomizer design
The Experimental system was illustrated in Figure 1 . High pressure gas and liquid provided by the air compressor and mixed in the atomizer and then flowed downstream to the exit orifice. The liquid and gas flow rates were measured by the mass flow meter and volume flow meter, respectively. The velocity and size of the droplets were measured by the Phase Doppler Analyzer (PDA).
Figure 1: Experimental system
Before entering the atomizer, the pressure of the liquid and gas were increased to 0.3MPa. The detailed dimen- Figure 2 . Two atomizers were named as swirl atomizer A and swirl atomizer B, respectively. The diameter of the exit orifice was D=1.0mm, identical to that of the atomizer Dc. In the swirl atomizer A, the gas passing through the swirl slot was mixed with the liquid for atomization. In the swirl atomizer B, the mixing process occurred before the atomization. The gas and liquid fully mixed inside the atomizer were sprayed out through the exit orifice.
Results and discussion

Atomization characteristics in the two-phase hybrid atomizer
The relationship between the liquid mass flow rate and the gas-liquid rate (GLR) are described in Figure 3 . The gas and liquid pressure ranged from 0.26 to 0.32MPa. It can be seen that the liquid mass flow rate decreased by increasing the GLR. In terms of physics, when the GLR was small, the amount of the liquid was much higher than that of the gas. As the liquid sprayed into the stationary atmosphere environment, the restriction of the atomizer wall on the liquid suddenly disappeared. Due to the interaction of the gas and liquid, the atomization process was unstable in the gas-liquid boundary layer. By increasing the GLR, the atomization became gradually stable. The optimal atomization region was marked by the circle in the Figure 3 , while further increase in the GLR may gradually deteriorate the spray effect. Also, the effect of the pressure on the liquid mass flow rate is shown in Figure 3 . At a constant GLR, the liquid mass flow rate increased with the increase in the pressure. The physical mechanisms were explained as follows: with the increase in the pressure, the expansion work, the velocities of the atomization, and the liquid mass flow rate increased. Consequently, the energy consumption also increased. Figure 4 shows the radial velocity distribution of two swirl atomizers (A and B) . The gas and liquid pressures were set to be Pα = 0.3MPa (α=1,2 represented the liquid or gas phase, respectively.). The gas-liquid rate was set to be GLR=0.1. The distance from the discharge orifice (L) was varied from (20mm to180mm). For both swirl atomizers (A and B), the radial velocity distribution were symmetrical. The droplets velocities decreased along the radial direction, and the maximum values were obtained at the discharge orifice centre. The droplets velocities remained constant at the jet core region (L=10 mm), as shown in Figure 5 . The droplets velocities decreased gradually with the distance from the discharge orifice increase from 140 mm to 180 mm, as shown in Figure 4 . However, when the distance from the discharge orifice ranged from 20 mm to 120 mm, the variation range of the droplets velocities was relatively small. This phenomenon was different from that occurring inside the conventional atomizers. The physical mechanisms were explained as follows: Many small bubbles were formed in the atomization process, as shown in Figure 5 , which were compressed inside the atomizer. The bubbles erupting from the atomizer would suddenly expand. In the bubble expansion process, the surface tension of the bubble decreased with the increase in the bubble diameter. The bubbles deformed under the aerodynamic force.
Velocity distribution of swirl atomizers
Compared to the swirl atomizer A, the radial velocity distribution of droplets at different distances from the discharge orifice in atomizer B was more concentrative. However, the atomization cone angle in swirl atomizer B was smaller than that in swirl atomizer A. In terms of physics, more bubbles were produced in the swirl atomizer B. The bubble bursting process took place in whole measurement process.
The velocity distribution of the droplets at the distance from the discharge orifice L=20mm was measured by PDA, as shown in Figure 6 . It can be seen that some droplets velocities were is displayed as negative. The physical mechanisms were explained as follows: Many small bubbles were formed in the atomization process. With the bubbles injected into the atmosphere environment, their surface evaporated and sediment. The liquid film of the bubbles became very thin, and the initial local perturbation appeared on the surface of the liquid film. However, the occurrence of the local perturbation was stochastic. The maximum local perturbation usually appeared in the upper surface of the bubbles. The young droplets moved along the tangent direction in the bubble bursting process. The rupture velocity of the liquid film was 5m/s and the liquid film appeared to retract. At 4.8ms, a velocity opposite to the direction of the initial rupture position occurred at the edge of the liquid film. There was a phenomenon similar to the flow focusing, and the jet droplets were formed, as shown in Figure 7 . Consequently, some droplets velocities were displayed as negative.
Before the bubble bursting process, the mean velocities of bubbles and droplets, u, decreased gradually with the increase in the distance from the discharge orifice as shown in Figure 5 . When the bubble internal pressure was greater than its surface tension, the bubble would burst, as shown in Figure 7 . Some film droplets formed due to the bubble bursting. The axial component velocity of the film droplets was u ′ , as shown in Figure 7 . The direction of velocities u ′ was along the direction in which the bubble velocity was decreasing. The actual velocities of the film droplets were u + u ′ . In that manner, the droplets ejection kept a scope at the positions from 20 mm to 120mm. After L=120 mm, bubbles have burst as the droplets, the velocity distribution of the film droplets would decay with the increase of the axis distance at L=140 mm -180 mm. were set to be Pα=0.3MPa (α=1,2 represented the liquid or gas phase, respectively.). The gas-liquid rate was set to be GLR=0.1. The distance from the discharge orifice was L(L=20 mm -160 mm).
SMD distribution of the swirl atomizers
The SMD radial distributions of the droplets were symmetrical for two atomizers. The SMD of the droplets increased gradually along the radial direction, and the minimum value was obtained in the discharge orifice centre. The SMD of the droplets became gradually smaller with the increase in the distance from the discharge orifice. The droplets SMD of the atomizer B was smaller than that of the atomizer A. However, the atomization angle in the swirl atomizer B was larger than that in the swirl atomizer A. In terms of physics, more bubbles were generated in the swirl atomizer B. The bubble bursting process took place in the whole measurement process. Compared to the swirl atomizer A, the effect of the swirl atomizer B on the bubble bursting was more intense.
Conclusion
The atomization characteristic for two swirl atomizers with different configurations has been experimentally investigated in this paper. Some conclusions can be drawn from the results above:
1. When the GLR is small, the atomization is not stable, and the increase in the GLR improves the atomization process. The optimal region can be obtained. 2. The velocity and SMD distributions of the droplets are symmetrical on the discharge orifice centre for both swirl atomizers. 3. The droplets velocities along the axial direction keep a scope with the increase in the distance from the discharge orifice. The effect of the atomization on the velocity and SMD distributions of the droplets in the swirl atomizer B are better than those in the swirl atomizer A. 4. In the effervescent atomization process, some droplets velocities are displayed as negative.
